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de Haas–van Alphen and Shubnikov–de Haas oscillations inRAgSb2 „R5Y, La-Nd, Sm…
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de Haas–van Alphen and Shubnikov–de Haas oscillations have been used to study the Fermi surface of the
simple tetragonalRAgSb2 series of compounds withR5Y, La-Nd, and Sm. The high quality of the flux-grown
single crystals, coupled with very small extremal cross sections of Fermi surface, allow the observation of
quantum oscillations at modest fields (H,30 kG) and high temperatures~up to 25 K in SmAgSb2!. For Hic,
the effective masses, determined from the temperature dependence of the amplitudes, are quite small, typically
between 0.07 and 0.5m0 . The topology of the Fermi surface was determined from the angular dependence of
the frequencies forR5Y, La, and Sm. In SmAgSb2, antiferromagnetic ordering below 8.8 K is shown to
dramatically alter the Fermi surface. For LaAgSb2 and CeAgSb2, the effect of applied hydrostatic pressure on
the frequencies was also studied. Finally, the experimental data were compared to the Fermi surface calculated
within the tight-binding linear muffin-tin orbital approximation. Overall, the calculated electronic structure was
found to be consistent with the experimental data.@S0163-1829~99!09443-6#
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I. INTRODUCTION

Recent measurements of the primitive tetragonalRAgSb2
series of compounds have shown these materials to man
rich and complex magnetic and transport properties.1,2 These
compounds crystallize in the primitive tetragonal ZrCuS2
structure ~P4/nmm, No. 129!, which consists of
Sb-RSb-Ag-RSb-Sb layers with the rare earth in a positi
with tetragonal point symmetry~4mm!. The crystal electric-
field splitting of the Hund’s rule ground state constrains
local magnetic moments to lie within the basal plane
most of the compounds. Additional anisotropy is also o
served within the basal plane of DyAgSb2.

2 In this com-
pound, up to 11 different metamagnetic states exist, dep
ing on the magnitude and direction of the applied field with
the basal plane. The magnetic ordering temperatures ra
from below 2 K in TmAgSb2 to 12.8 K in GdAgSb2 and
approximately scale with the de Gennes factor which in
cates the exchange interaction between the local momen
indirect, via the Ruderman-Kittel-Kasuya-Yosida~RKKY !
interaction.

Although the magnetic properties of theRAgSb2 com-
pounds have been characterized, little is currently known
the electronic structure. The transverse magnetoresistan
the RAgSb2 compounds was previously shown1 to be very
large@Dr(H555 kG)/r0'60 in SmAgSb2# and strongly an-
isotropic with a much greater response for the field app
parallel to thec axis than within the basal plane. The ma
netoresistance in all compounds is nearly linear and no s
of saturation were observed in any of the compounds in
plied fields up to 55 kG. Furthermore, the transverse mag
toresistance of LaAgSb2 does not saturate up to 180 kG
which suggests that theRAgSb2 compounds are low carrie
density compensated metals. The detailed study of de Ha
van Alphen~dHvA! and Shubnikov–de Haas~SdH! oscilla-
tions presented here allows for a more thorough charac
PRB 600163-1829/99/60~19!/13371~9!/$15.00
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ization of the Fermi surface of these compounds.
After a brief presentation of the experimental metho

specific to the investigation of the quantum oscillations, d
will be presented on the frequency spectra of de Haas–
Alphen and Shubnikov–de Haas oscillations in theRAgSb2
series forR5Y, La, Pr, Nd, and Sm. The calculated Ferm
surface will be used to discuss the origin of the various
served frequencies and their angular dependence. Finally
temperature dependence of the oscillations will be used
probe of the effects of magnetic order on the electronic str
ture of the compounds.

II. EXPERIMENTAL DETAILS

High quality single crystals of theRAgSb2 series of com-
pounds withR5Y, La, Pr, Nd, and Sm were flux grown3

from an initial composition ofR0.045Ag0.091Sb0.864. This Sb-
rich self-flux was chosen because of its low melting tempe
ture and because it introduces no new elements into the m
The additional silver content also helps to preclude form
tion of RSb2, an interesting4 but currently unwanted secon
phase. The constituent elements were placed in alumina
cibles and sealed in quartz under a partial argon press
The starting materials were heated to 1200 °C, and t
cooled to 670 °C over 120 h. Removal of the flux revea
platelike crystals with dimensions up to 13130.5 cm and
masses of nearly 1 g. Thec axis was perpendicular to th
plate.

As previously reported,1,2 powder x-ray diffraction and
single-crystal x-ray diffraction were used to verify the crys
structure and determine the purity of the single crystals. T
lattice parameters were consistent with previous report5–7

and no site deficiencies were observed. Extremely w
peaks corresponding to a small amount of residual Sb on
surface of the single crystals were observed in the powd
diffraction data.
13 371 ©1999 The American Physical Society
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13 372 PRB 60K. D. MYERS et al.
The magnetization measurements were performed i
Quantum Design superconducting quantum interference
vice ~SQUID! magnetometer up to 55 kG, with the sampl
manually aligned. A specially modified horizontal rotor w
used to obtain the angular dependent data for the SmAg2.
Samples were carefully chosen on the basis of size and
ometry and to minimize the effects of any residual flux
the surface. Angular dependent torque measurements
also performed in a Quantum Design Physical Property M
surements System~PPMS! up to 90 kG, using the torque
magnetometer8 and horizontal rotator options. Uncertainty
the angular position is estimated to be less than one deg
Due to the larger magnetic moments and strong anisotro
in NdAgSb2 and PrAgSb2,

1 these samples were unsuitab
for measurements in the PPMS.

Resistivity measurements used the temperature-field e
ronment of the magnetometer, with a Linear Research
400 AC resistance bridge. A wire saw was used to cut
crystals into suitable geometry for resistance measurem
with typical dimensions of 13135 mm. Contacts were at
tached with Epotek-H20E silver epoxy, yielding typical co
tact resistances of about 1V.

Measurements of Shubnikov–de Haas effect under p
sure in LaAgSb2 and CeAgSb2 were performed in an Oxford
Instruments cryostat with a variable-temperature insert
180 kG superconducting magnet in NHMFL-Los Alamo
using nonmagnetic Be-Cu piston-cylinder clamp-type pr
sure cell with a light mineral oil as the pressure media. Pr
sure at room temperature was measuredin situ with a man-
ganin resistive manometer. The pressure values at liq
helium temperatures were then calculated using prev
calibration for this cell.9

In all cases, the quantum oscillations were separated f
the background magnetization or magnetoresistance by
tracting either a power law or a polynomial fit of theM (H),
t(H), or r(H) data. Microcal Origin was used to create t
fast Fourier transforms~FFT! of the data, after the back
ground was subtracted. When possible, the data were
quired with varying applied field intervals such that the
tervals inH21 were constant. When this is not possible, su
as the measurements in the PPMS and the SdH mea
ments under pressure, an interpolation routine was use
generate constantH21 intervals. The number of points use
in interpolation method was adjusted to check for any a
facts appearing in the FFT.

The temperature dependence of the amplitude of osc
tions in the magnetization was used to determine the cy
tron effective masses. For an orbit with frequencyF the am-
plitude of the oscillation in the magnetizationM is given by
the Lifshitz-Kosevitch~LK ! equation:10

M522.60231026S 2p

HA9D
1/2

3
GFT exp~2apx/H !

p3/2sinh~2apT/H !
sinF S 2ppF

H D2
1

2
6

p

4 G ,
wherea51.47 (m/m0)3105 G/K, A9 is the second deriva
tive of the cross sectional area of the Fermi surface w
respect to wave vector along the direction of the appl
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field, G is the reduction factor arising from electron spin,p is
the number of the harmonic of the oscillation, andx is the
Dingle temperature.

In several cases, oscillations are observed in the magn
zation data that are not present in the torque magnetom
data. The torque due to quantum oscillations is sensitive
the anisotropy of the Fermi surface and is given by

T5
21

F

dF

du
MHV,

whereM is given by the LK expression above,u is the angle
of the applied field, andV is the volume of the sample. Sinc
the torque is dependent on the derivative of the freque
with respect to the angle of the applied field, some osci
tions may not be observed if the field is applied along hig
symmetry directions or if the Fermi surface is spherical.

III. DATA AND EXPERIMENTAL ANALYSIS

YAgSb2

Exceptionally clear oscillations are observed in the a
plied field-dependent torque of YAgSb2 at 2 K, shown in
Fig. 1. The inset to Fig. 1 provides a detailed view of t
torque as a function of inverse field between 66.7 and
kOe. The two frequencies easily observed in the torque d
correspond to strong peaks in the Fourier spectra@Fig. 2~a!#
at 0.86 MG~b! and 10.04 MG~d!. Smaller signals are also
present at frequencies of 0.65 MG~a! and 1.82 MG~g!.

The temperature dependence of the amplitudes~A! of
these frequencies, shown in the inset of Fig. 2~a!, may be
used to determine the effective mass of the orbits via the
formula, described above. From the slope of ln(A/T) plotted
as a function of temperature, the effective masses were fo
to be mb50.16(2)m0 , mg50.28(2)m0 , and md50.46(2)
m0 , wherem0 is the bare electron mass.

An estimate of the topology of the Fermi surface may
obtained from the angular dependence of the frequencie
each quantum oscillation. As seen in Fig. 2~b!, the frequen-
cies of thea and g orbits do not diverge with increasin
angle and may be fit to the angular dependence of the c
section of an ellipsoid~dotted lines! with c/a ratios of 4.3 for
both orbits. On the other hand, the frequencies of theb and

FIG. 1. Torque as a function of applied field in YAgSb2 at 2 K
for Hic. Inset: detailed view of the torque as a function ofH21

between 60 and 90 kG.
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PRB 60 13 373de HAAS–van ALPHEN AND SHUBNIKOV–de HAAS . . .
d orbits appear to diverge with increasing angle and can
be fit to the cross section of an ellipsoid with reasona
small c/a ratios. Although thed orbit is not observed a
angles large enough to confirm the shape of the Fermi
face, the angular dependence at low angles is consistent
a cylindrical branch of the Fermi surface, as discussed
low. The solid lines in the figure are fits to the angular d
pendence of the cross sectional area of a cylinder and a
well with the experimental data for both orbits. In all cas
the frequencies, and hence cross sectional areas, are a
mum when the applied field is parallel to thec axis ~u50°!
of the sample. The lack of observed frequencies nearu590°
may be due to the reduction in amplitude of oscillations
the measured torque near angles with high symmetry, as
viously discussed.

LaAgSb2

The field dependence of torque in LaAgSb2 at 2 K and
Hic is more complicated than that observed in YAgSb2. The
frequencies of the oscillations are clearly resolved in the F
@Fig. 3~a!#. Large peaks are present in the spectra at 1.64
~b!, 4.32 MG~g!, and 12.9 MG~d!. In addition, weak peaks
in the FFT indicate the presence of oscillations with frequ

FIG. 2. ~a! Fourier spectrum of the oscillations in YAgSb2 for
Hic at 2 K. Inset: Temperature dependence of the amplitudes o
observed oscillations.~b! Angular dependence of the frequenciesu
is relative to thec axis. The lines are fits to the cross-sectional ar
of a cylinder~b andd! and an ellipsoid~a andg!.
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cies of 0.72 MG~a!, 3.22 MG ~2b!, 4.94 MG ~3a!, and
15.69 MG (d8), which becomes clearer in the SdH da
shown below. Finally, thed and d8 orbits likely originate
from the same electronic band, discussed later. In the Fou
spectra of the oscillations in the magnetization of LaAgS2
peaks are present at 0.085 MG~f! and 0.17 MG~2f!, which
correspond to the low-frequency oscillation and its seco
harmonic observed in the magnetization as a function of
verse field.

The effective masses, calculated from the temperature
pendence of the amplitude of the oscillation@inset Fig. 3~a!#,
are mb50.16(2)m0 , m2b50.32(2)m0 , mg50.28(2)m0 ,
andmd50.42(2)m0 . Since the frequency and effective ma
of the 2b orbit are twice that of theb orbit, it is concluded
that the 2b is the second harmonic of theb orbit. Likewise,
the frequency of the 3b orbit suggests that it is the third
harmonic ofb.

After the removal of the background magnetoresistan
Shubnikov–de Haas oscillations are easily seen in the re
tivity as a function of inverse field, which is shown in the le
inset of Fig. 3~b!. If the frequencies resolved in the FFT o
the SdH data@Fig. 3~b!# are extrapolated down to zero pre
sure, they agree with the dHvA data. The frequencies of

e

s

FIG. 3. ~a! Fourier spectrum of the oscillations in the torque a
magnetization of LaAgSb2 for Hic at 2 K. Inset: Temperature de
pendence of the amplitudes of the observed oscillations.~b! Fourier
spectra of SdH oscillations in LaAgSb2 at 4.2 kbars and 2.1 K. Left
inset: resistivity as a function of inverse field. Right inset: press
dependence of the frequencies of the observed oscillations.
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13 374 PRB 60K. D. MYERS et al.
observed orbits increase approximately linearly with pr
sure@right inset Fig. 3~b!# with coefficients of 0.07 MG/kbar
0.08 MG/kbar, and 0.05 MG/kbar for theg, d, andd8 orbits,
respectively.

The angular dependence of the frequencies of the osc
tions in LaAgSb2 ~Fig. 4! is similar to that observed in
YAgSb2. The frequency corresponding to each of the orb
is minimal forHic and increases as the angle increases.
angular dependencies of theb and thed family of orbits
suggest the topologies of these parts of the Fermi surface
primarily ellipsoidal with the major axis parallel to thec
axis. The angular dependence of the 2b and 3b orbits is
consistent with harmonics of theb orbit. On the other hand
the g orbit diverges more rapidly as the angle approac
90°, suggesting a cylindrically shaped section of Fermi s
face.

CeAgSb2

Unlike the rest of the series, much higher fields~up to 180
kG! were required to observe SdH oscillations in CeAgS2.
As seen in the resistivity as a function of inverse field
Hic ~Fig. 5!, only a single oscillation, with an extremely low
frequency ~F'0.25 MG at 1.2 kbar!, is observed in this
compound. The frequency of this orbit increases linea
with pressure with a slope of 0.01 MG/kbar. Although t
quality of the single crystals of the Ce-containing co
pounds was comparable to the other samples~residual resis-
tivity ratio'100!, CeAgSb2 manifests complex ferromag
netism~with a possible conical structure! below 9.6 K and a
temperature-dependent resistivity typical of a Kondo lattic1

These features suggest that the Fermi surface of CeAg2
may be substantially different from the other compounds

PrAgSb2

For Hic at 2 K, de Haas–van Alphen oscillations we
observed, superimposed on the nearly linear magnetic b
ground of PrAgSb2. Due to the much larger response of t
magnetic moments to the applied field,1 the signal to noise

FIG. 4. Angular dependence of the frequencies in LaAgSb2 de-
termined from the FFT of the torque magnetometer data.u is rela-
tive to thec axis. The solid lines are fits to the cross-sectional ar
of a cylinder~g! and an ellipsoid~d!. Dotted lines are guides to th
eye.
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ratio of the measurements of the dHvA oscillations suffers
this compound. Despite this significant magnetic ba
ground, Fourier analysis of theM (1/H) data reveals three
peaks in the spectrum: a strong peak~a! at 0.46 MG, and
weak peaks at 0.92 MG~2a! and 1.38 MG~b!. The peak in
the FFT below thea peak is an artifact of the backgroun
subtraction and depends strongly on the method used to
move the contribution from the magnetic sublattice. Sin
the frequencies of the 2a and b peaks are twice and thre
times the frequency of thea oscillation, these are possibl
harmonics ofa. However, the amplitude of theb oscillation
is larger than the 2a oscillation, indicating theb oscillation
may originate from a different part of the Fermi surfac
Unfortunately, the magnitudes of the oscillations are insu
cient for a detailed analysis of the temperature dependenc
the amplitudes or the angular dependence of the frequen
Either of these methods would help to resolve the ambigu
of the b component.

NdAgSb2

The amplitudes of the oscillations observed in NdAgS2
is similar to those observed in PrAgSb2 with an approximate
amplitude of 1023mB per formula unit at fields near 50 kG

s

FIG. 5. Shubnikov–de Haas oscillations in CeAgSb2 at 2.1 K
and 7.0 kbars. The background magnetoresistance has bee
moved. Inset: pressure dependence of the SdH oscillation.

FIG. 6. Magnetization as a function of applied field in SmAgS2

up to 20 K.
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PRB 60 13 375de HAAS–van ALPHEN AND SHUBNIKOV–de HAAS . . .
However, the background magnetization at 2 K for Hic is
only about 20% of that observed in PrAgSb2, creating a
more favorable signal to noise ratio. The oscillations
readily observed inM (1/H). Two peaks are visible in the
Fourier spectrum indicating the presence of frequencie
0.56 MG ~a! and 1.13 MG~2a!. The small maximum in the
FFT at very low frequencies changes according to
method of background subtraction and therefore is not lik
to originate from a quantum oscillation. The oscillatio
were of sufficient amplitude to allow an estimation of t
effective masses of the electronic bands, through the t
perature dependence. Fitting the data to the LK equa
yields an effective of thea orbit of 0.07(2)m0 . The effec-
tive mass of the 2a peak was found to be 0.17(2)m0 , which
is twice the effective mass of thea oscillation within experi-
mental uncertainty and consistent with this oscillation be
the second harmonic of thea oscillation.

SmAgSb2

SmAgSb2 is an ideal compound to study the effects
antiferromagnetic ordering on the Fermi surface. The m
netic ordering temperature is large enough (TN58.8 K) ~Ref.

FIG. 7. ~a! Fourier spectra of the oscillations in the torqu
resistivity, and magnetization of SmAgSb2 for Hic at 2 K. Inset:
Temperature dependence of the amplitudes of the observed os
tions. ~b! Angular dependence of the frequencies measured
torque magnetometry~s! and magnetization~j!. u is relative to
the c axis. The solid and dotted lines connect the frequencies
served in the torque and magnetization data, respectively.
e
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1! to allow detailed study of the frequencies and their amp
tudes in the ordered state. Oscillations are also observed
above TN , which permits the comparison with the low
temperature data. Furthermore, the single crystals
SmAgSb2 have the smallest residual resistivity of th
RAgSb2 series, and hence would be expected to demonst
quantum oscillations with the largest amplitude. Figure
shows these oscillations in the magnetization forHic per-
sisting up to temperatures of 20 K. Oscillations in the res
tivity are also clearly resolved after the subtraction of t
background.

The spectrum of oscillations observed in SmAgSb2 for
Hic at 2 K @Fig. 7~a!# is much more complicated than thos
observed in the other members of the series. In the tor
data up to 90 kG@inset, Fig. 7~a!#, strong peaks are presen
at 0.54 MG ~a!, 0.87 MG ~b!, and 2.05 MG~«!. Much
weaker peaks in the torque data exist at 0.13 MG~u!, 1.62
MG ~2b!, 2.76 MG~2b!, 3.53 MG~4b!, 4.14 MG~2«!, 6.17
MG ~z!, 8.97 MG~h!, and 10.13 MG~d!. The Fourier spec-
tra of the magnetization and resistivity data up to 55 kG
similar to the FFT of the torque data. However, the« oscil-
lation is significantly suppressed relative to the other osci
tions, in bothM (H) andr(H), and thea oscillation is weak
in r(H). The h and d orbits are not visible in the FFT o
eitherr(H) or M (H), probably due to the lower maximum
field attainable in the magnetometer.

The observation of additional oscillations in SmAgS2
may be the result of two different factors. First, the resid
resistivity in SmAgSb2 is significantly lower than in the othe
members of the series. This increases the mean free pa
the electrons and allows the higher frequency oscillations
be observed at much lower fields, via a reduction in
Dingle temperature. Second, SmAgSb2 orders antiferromag-
netically at 8.8 K, as determined by the temperatu
dependent susceptibility1 and resistivity~bottom inset, Fig.
8!. The new periodicity due to the wave vector of antiferr
magnetic ordering may significantly perturb the Fermi s
face and create new extremal orbits. Unfortunately, the ex
nature of the ordered state, such as the wave vector, is no

lla-
y

b-

FIG. 8. Temperature dependence of the amplitudes of thea and
b oscillations in SmAgSb2. Top inset: temperature dependence
the relative phase of the oscillations. Bottom inset: temperature
pendence of the resistivity. Note the suppression of thea amplitude
and discontinuity in the phase atTN58.8 K.
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13 376 PRB 60K. D. MYERS et al.
known, which prevents an accurate determination of
electronic band structure in the ordered state.

The angular dependence of the observed frequencies@Fig.
7~b!# is also more complex than any of the other compou
studied here. The frequencies of thea, b, andu oscillations
are minimal atHic and increase with increasing angle. No
of these frequencies diverge with increasing angle, sugg
ing the presence of ellipsoidally shaped sections of Fe
surface. Fitting these data to the cross section of an ell
gives c/a ratios of 4.3, 4.0, and 10.8 for thea, b, and u
oscillations, respectively. The«, l, and k frequencies also
appear to be predominately ellipsoidal at low angles. Ho
ever, these orbits are not observed at large enough angl
accurately determine the topologies of the Fermi surfa
The frequency of thez oscillation is nearly constant with
increasing angle, which indicates the existence of a ne
spherical section of Fermi surface. Finally, additional f
quencies, denotedm, n, j, and p, appear at intermediat
angles and manifest complex angular dependencies. It sh
be noted that for these orbits, in particular, the solid a
dotted lines in@Fig. 7~b!# are guides to the eye and on
tentatively represent the angular dependence. The origin
these frequencies are currently unknown and are the su
of continuing investigation.

The effect of the magnetic phase transition is particula
evident in the temperature dependence of the amplitud
the oscillations. As seen in Fig. 8, the temperature dep
dence of the dHvA oscillations forHic significantly deviates
from monotonically decreasing amplitude with increasi
temperature, which is the behavior expected from
Lifshitz-Kosevitch ~LK ! equation. Instead, an anomalo
suppression of the dHvA amplitudes is observed nearTN .
Specifically, the amplitude of thea orbit decreases sharpl
as the temperature approachesTN . AboveTN , the amplitude
partial recovers, and may easily be fit to the LK equati
Fitting this data aboveTN yields an effective mass of thea
orbit of 0.06(1)m0 , consistent with the rest of theRAgSb2
series. Likewise, the amplitude of theb orbit ~0.87 MG!
decreases as the temperature approachesTN with no obser-
vation of this signal aboveTN . Below TN , the fit of the
temperature dependence to the LK equation is poor, sugg
ing that the magnetic ordering is influencing the amplitu
Although theb orbit is only observed belowTN , it is cur-
rently impossible to determine whether this is due to a n
section of Fermi surface belowTN or increased scatterin
and broadening of the Fermi surface with increasing te
perature. Similar behavior has been previously observe
YbAs ~Ref. 11! and SmSb.12

As seen in the lower inset of Fig. 8, the resistivity
SmAgSb2 increases nearTN , due to the introduction of spin
disorder scattering in the paramagnetic state. It is poss
that the additional scattering in the paramagnetic state
creases the Dingle temperature, and hence suppresse
amplitude. However, if the deviation from the LK behavi
were due entirely to the increased scattering from the a
tion of a magnetic component, it is unlikely that the amp
tude of thea oscillation would actually recover immediate
aboveTN .

When the magnetic sublattice in a compound becom
antiferromagnetically ordered, new periodicity is introduc
into the lattice with the wave vector of the magnetic ord
e
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ing. This extra periodicity may significantly perturb th
Fermi surface by rearranging the sections of the Fermi s
face and introducing superzone gaps.13,14 For example, the
effect of magnetic ordering on the Fermi surface of ra
earth intermetallic compounds has been previously obse
in NdIn3 which possesses a series of metamagn
transitions15 and SmIn3 which has magnetic transitions a
14.7, 15.2, and 15.9 K.16 This perturbation of the Fermi sur
face may be responsible for the appearance of new freq
cies belowTN , the phase change, and the anomalous beh
ior in the amplitude of thea oscillation. However, without
explicit knowledge of the ordering wave vector and the ba
structure of the ordered state, a quantitative analysis of th
effects is difficult.

The perturbation of the Fermi surface may account for
temperature dependence of the amplitude in several w
First, the magnetizationM is proportional to (A9)2(1/2),
within the LK expression whereA9 is the second derivative
of the cross sectional area with respect to the wave vecto
the direction of the applied field. Increasing this curvatu
while keeping the extremal cross-sectional area const
will diminish the amplitude of the measured oscillation. Se
ond, electron-electron scattering may increase in the m
netically ordered state via an increase in interband scatte
between two branches of Fermi surface which are in cl
proximity in the ordered state. Since no changes in freque
are readily observable for thea oscillation, most likely an-
other, not observed, band is perturbed by the antiferrom
netic ordering and hence indirectly affect the carrier-carr
scattering. This effect would decrease at lower temperatu
due to the decrease in thermal broadening of the Fermi
face.

The effect of magnetic ordering may also be seen in
shift in the observed phase of thea oscillation above and
below TN as seen in theM (1/H) data ~top inset Fig. 8!.
Since the frequency of the oscillation is constant, within e
perimental resolution, above and below the transition, t
phase shift may result from the perturbation of the Fer
surface due to a new periodicity arising from the magne
ordering. The section of Fermi surface would have to alte
in such a way that the cross-sectional area remains cons
but the extremal orbit changes from being a minimum to
maximum, or vice versa. This effect may be seen within
LK expression where the relative phase difference betwee
maximal and minimal orbit is 90°, which is approximate
the phase shift observed in the data.

IV. THEORETICAL ANALYSIS

Ab initio local-density approximation~LDA ! electronic
bands of YAgSb2 and LaAgSb2 were calculated using the
tight-binding, linear muffin-tin orbital~TB-LMTO! method
within the atomic spheres approximation~ASA! developed
by Andersen, Jepsen, and Glo¨tzel.17 Scalar relativistic cor-
rections were included in the calculation and two interstit
spheres were added to make the sum of the volume of
spheres equal to the volume of the tetragonal cell. Thef
electrons in Pr, Nd, and Sm are not expected to significa
contribute to the electronic structure near the Fermi ene
since these electrons are strongly localized and w
screened. Therefore these electrons may be considered
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of the electronic core. This implies that the Fermi surfaces
the rest of theRAgSb2 series in the paramagnetic state a
expected to be similar to those obtained for YAgSb2 and
LaAgSb2.

Figure 9 shows the electronic structure of YAgSb2 and
LaAgSb2 along several high-symmetry directions. Releva
features of these plots include two bands crossing the Fe
energy (EF) near theG point and the two bands crossingEF
near theX point. In addition, another band crossesEF be-
tweenG and Z. This band is particularly important since
possesses very little curvature, and hence may lead to
matic changes of the topology of the Fermi surface w
small changes in lattice parameters or Fermi energy. Fig
10 shows the Fermi surface of LaAgSb2 in the kz50 plane
of the four bands that crossEF with the Brillouin zone of a
primitive tetragonal lattice displayed in the inset.

Three-dimensional plots of the calculated Fermi surfa
of LaAgSb2 are shown in Fig. 11. Band 1 is centered at theG
point and is nearly spherical, with a cross-sectional area
the basal plane corresponding to a frequency of appr
mately 4.7 MG forHic. Theg orbit, observed in SmAgSb2
and LaAgSb2 has a frequency of approximately 4.3 MG.
LaAgSb2, the angular dependence of the frequency is ne
constant for low angles, relative toHic, which is consistent
with the calculated band. However, at higher angles, the
quency appears to diverge, indicating nonspherical beha

FIG. 9. Band structure of~a! YAgSb2 and ~b! LaAgSb2 calcu-
lated from tight-binding linear muffin-tin orbital calculations withi
the atomic spheres approximation.
f
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As seen in Fig. 9, this band is very flat between theG andZ
points in the zone. If the Fermi energy is increased by
small amount, for example by changing the lattice consta
the topology of this band changes dramatically with the
pearance of thin necks connecting this band to the next B
louin zone. This modified band is now much more consist
with the observed angular dependence of theg frequencies.

FIG. 10. The Fermi surface of LaAgSb2 in the kz50 plane,
calculated as described in the text. The four bands crossingEF are
labeled 1–4. Inset: the Brillouin zone of a primitive tetragonal l
tice with the high-symmetry points labeled.

FIG. 11. Three-dimensional plots of the four bands crossing
Fermi surface with the extremal orbits indicated. Bands 1~a! and 2
~b! are centered atG. Band 4~d! is centered atX. Band 3~c! extends
throughout the zone with the vertices of the squares at theX points.
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Although the cross-sectional area forHic does not depend
strongly on theEF , this band may also be the origin of thez
oscillation ~6.2 MG! in SmAgSb2 which is nearly spherical
Furthermore, these necks may also help to account for
extremely small frequencies observed forHic in most of the
compounds. Although the cross sectional area of the ne
for Hic approximately corresponds to thea orbits ~0.55
MG! the angular dependence is not in good agreement, s
the a orbits appear to be ellipsoidal. Better agreement
found in theu orbit of SmAgSb2 which has a frequency o
0.13 MG and a shape corresponding to either a cylinder o
elongated ellipsoid with ac/a ratio near 10.

Band 2 is also centered atG, but is mostly cylindrical with
an axis alongkz , This energy band possesses a nearly cir
lar cross section atkz50 and a somewhat square cross s
tion at kz5p/c. Maximal cross sectional areas forHic cor-
respond to frequencies of 13.2 and 11.5 MG forkz50 and
p/c, respectively. A minimal area is also observed forkz
'0.4p/c with a frequency of 9.7 MG. These frequencies a
approximately equal to thed andd8 frequencies observed i
some of the compounds~F'10.1 MG for SmAgSb2, 10.04
MG in YAgSb2, and 12.5 MG, 12.9 MG, and 15.7 MG i
LaAgSb2!. In SmAgSb2 and YAgSb2, the frequency of thed
orbit diverges with increasing angle away fromHic. How-
ever, the angular dependence of thed family of orbits in
LaAgSb2 is more closely ellipsoidal than cylindrical. Al
though the nature of the transition at 210 K~Ref. 1! is cur-
rently unknown, a distortion of the lattices may significan
alter the Fermi surface at low temperatures. Taken toget
the topology and cross-sectional areas forHic suggest that
this band is the origin of thed andd8 orbits observed in the
magnetization and torque data. The experimentally de
mined effective masses of each of the observed frequen
for Hic are approximately 0.46m0 in YAgSb2 and 0.42m0
in LaAgSb2.

Band 3 consists of adjacent square cylinders with verti
near each of theX points. One square cylinder is centered
G, and the other is centered at theM point. Due to the ex-
tremely large cross-sectional areas, it is not expected that
of the features of this band would be visible in the relative
low fields currently accessible. However, it should be no
that at very high fields, the close proximity of these surfa
may result in magnetic breakdown.

An ellipsoidal hole pocket centered at theX point in the
Brillouin zone is created by band 4. The cross-sectional a
of this band forHic ~u50°! is maximal atkz50 and pre-
dicts the presence of a frequency of 0.9 MG. ForH'c ~u
590°!, the maximal cross-sectional area of this orbit is a
proximately 3.7 MG, indicating ac/a ratio of about 4. Theb
frequency is observed in all of the compounds and ran
from 0.86 in SmAgSb2 to 1.64 in LaAgSb2. In each case, the
effective masses calculated from the temperature depend
of the amplitudes of the oscillation are approximate
0.17m0 . The angular dependence of the measured frequ
cies suggests ellipsoidal topology in SmAgSb2 and LaAgSb2
with a c/a ratio of 4.0. These frequencies and angular
pendencies in these compounds are consistent with the
culated dimensions of this energy band centered at thX
point. However, in YAgSb2, the frequency of the orbit tend
to diverge as the angle increases away fromHic, indicating
a more cylindrical topology. Like band 1, a small shift inEF
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may cause this band to become more cylindrical and c
nected by a thin neck to the next Brillouin zone.

Under the application of hydrostatic pressure, the o
served frequencies in the SdH data increase in CeAgSb2 and
LaAgSb2. It is expected that with sufficient pressure, t
FFT spectra of LaAgSb2 would become similar to that o
YAgSb2, which has a much smaller rare-earth ion. Howev
this does not appear to be the case. It is possible that
Fermi surface of LaAgSb2 may be significantly perturbed b
the previously mentioned transition near 210 K.1 Further-
more, the elastic constants may be highly anisotropic, wh
prevents a direct comparison between the effects of app
pressure and rare earth substitution.

V. CONCLUSION

The RAgSb2 series of compounds is an ideal system
the study of changes in the Fermi surface due to differ
rare-earth ions and magnetic order. The excellent quality
the crystals allows the measurement of de Haas–van Alp
and Shubnikov–de Haas oscillations at relatively low appl
fields and exceptionally high temperatures. The persiste
of the oscillations in SmAgSb2 up to temperatures as high a
25 K permits the study of changes in the Fermi surface ab
and below the ordering temperature. Clearly, signific
changes in the Fermi surface of SmAgSb2 result from addi-
tional periodicity introduced by magnetic order. Overall, t
agreement between the calculated Fermi surface and m
sured quantum oscillations is good. Although the smaller f
quencies are not accounted for in the calculated Fermi
face, the magnitude of many of the frequencies and th
angular dependence correlate with theab initio Fermi sur-
face. Knowledge of the Fermi surface inRAgSb2 provides
important guidelines for the theoretical explanation of t
experimentally observed extremely high anisotropic nonq
dratic low-temperature magnetoresistance,1 as well as may
assist in understanding of the magnetic order in these c
pounds. In addition, high quality samples of SmAgSb2,
where the quantum oscillations are observed through
magnetic ordering transition in easily accessible magn
field/temperature range, are perfect for experimental stu
of the effects of magnetic interactions on the wave form
de Haas–van Alphen and Shubnikov–de Haas oscillatio

Neutron or magnetic x-ray diffraction would be useful
determine the microscopic nature of the magnetic orderin
the materials with magnetic rare-earth ions. This knowled
would allow the precise determination of the Fermi surfa
in the antiferromagnetically ordered states of SmAgSb2. The
study of the quantum oscillations at higher fields as well
angle-resolved photoemission and positron annihilat
would help resolve larger sections of Fermi surface, not
served in the relatively low fields currently accessible.
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